This study evaluates the use of two Computational Fluid Dynamics (CFD) techniques in calculating the three-dimensional flow and bed shear stress distribution in a regulated river reach near Trondheim, Norway. The two different CFD codes being used in this study are: one commercial FLOW-3D and an in-house program, SSIIM, developed by the third author (NRBO). One of the primary differences between the programs is that FLOW-3D uses an orthogonal, structured grid, while SSIIM uses a non-orthogonal unstructured grid. Flow-3D computes the location of the free water surface based on a volume of fluid method. In the current study, the water surface profile was computed using a 1D backwater computation with SSIIM. Both programs use first-or second-order schemes for the convective term in the Navier-Stokes equations, and the study investigated both options for the two different models. The computed results were compared to ADCP measurements obtained from three cross sections of the river. The comparison showed a good agreement between calculated and measured velocities when using higher-order discretization schemes. Using a first-order upwind scheme, the results deteriorated somewhat due to false diffusion. The results of this current study could be beneficial for the estimation of fluvial erosion, which causes severe damages to riverine areas.
INTRODUCTION
The investigated river reach is part of the Nidelva River, which flows through the center of Trondheim, Norway.
At the end of the last ice age, a glaciomarine layer of clay of up to several hundred meters in thickness accumulated in the Norwegian fjords. This marine clay has an open structure with a high water content due to electrochemical bonding from sea salt. During the postglacial isostatic rebound, these deposits were raised above sea level.
Percolation in the groundwater gradually removed the salt ions, producing a highly unstable structure known as quick clay. Quick clay is normally found in pockets and layers within glaciomarine deposits. Disturbances such as earthquakes, pressure release or heavy loading can cause the clay structure to collapse, leading to large scale landslides, e.g. Rissaraset, in the county of Trøndelag, in Norway in 1978 (Gregersen 1981) . Fluvial erosion, which causes pressure relief, is one of the main natural triggering mechanisms that cause quick clay slides. Facts obtained from a study conducted by Foster & Heiberg (1971) support the conclusion that soil can be preserved, and the risk of quick clay slides reduced, by artificially preventing erosion in a few select locations along streams. This agrees with studies conducted by many other researchers, e.g. Hansen et al. (2007) , Eilertsen et al. (2008) and Solberg et al. (2008) , which state that river erosion is one of the most common factors in triggering clay slides. In their studies, they investigated and presented sites in which fluvial erosion during a flood event caused severe damage to the riverbed doi: 10.2166/nh.2010.064 and banks. Quick clay pockets were revealed at many erosion sites, which caused immediate collapse.
The Nidelva River has caused many of the historical quick clay slides in Trondheim. Over the course of the last few years, several deep scour hollows, extending well below sea level, have been discovered in the riverbed. The scour holes can cause slope instability and have the potential to initiate quick clay slides. The motivation for this study was therefore to evaluate the possibility of using CFD techniques to calculate the flow field in sections of the river. Bed shear stress could thereby be computed and the incipient motion of riverbed particles predicted, thus resulting in a process leading to fluvial erosion. Both numerical models generated their grid from a digital elevation model (DGM). This DGM was built using information obtained from digital maps with a scale of 1:50,000 and bathymetric measurements of the river reach itself. The bathymetry was the result of a sonar scan where a cross section every second meter were scaned. The data was interpolated using the inverse distancing method.
Velocity measurements were taken with an ADCP measurement device. The location of measured cross sections 1 -3 are displayed in Figure 2 by the white lines.
The measured velocities resulted from a one-time crossing of the river and were averaged by using nine neighboring points in space due to their turbulent characteristics and the short measurement time. The surface velocities over the width of the three cross sections are plotted in Figure 3 , and discussed later in this paper. The longitudinal water surface slope was measured at both the cross sections, as well as at the beginning and end of the studied reach. This data was used to validate the calculated water surface locations.
To assess the sediment structure, underwater pictures were taken. The pictures revealed that zones of high shear stress were dominated by particles sizes over 0.1 m. In addition, the pictures showed that quite a substantial portion of the bed material was covered by algae, leading to the assumption that there was little sediment transport in the investigated river reach. The pictures further showed randomly spread areas of consolidated clay that were exposed to the water body.
METHODS Numerical model of FLOW-3D
FLOW-3D is a commercial general-purpose CFD package that can be used in a variety of engineering applications.
The program is based on a fixed structured orthogonal grid, A grid independence study demonstrated that, for the case which was presented, a 2 £ 2 m grid was necessary in order to predict the correct water surface location. A finer grid did not improve the results, while coarser grids did not match the measured water level. These findings cannot be generalized, and might differ from case to case.
FLOW-3D uses explicit time stepping and adjusts the time step continuously during the computation. The size of the time step is determined by the stability limit of the different models. In some cases, convection can be the Zero gradient boundary conditions were used for all variables at the outflow boundary, while velocities were specified at the inflow boundary (Dirichlet boundary condition). Wall laws introduced by Schlichting (1979) were used for the side walls and the bed. The bed roughness can be given as either a user input or computed by the model as a function of the bed sediment distribution. In the present case, it was set to 3 £ d 90 of the stones in the bed.
The water surface was initially computed with a 1D backwater approach and an overall roughness value, and compared to the measured water surface. During the simulation the water surface was kept constant. This assumption was valid since the simulation was steady.
The flow field for the three-dimensional geometry was determined by solving the continuity equation and the Reynolds averaged Navier -Stokes equations. The control volume method was used for discretization (Olsen 2007) and the convective terms in the Navier -Stokes equations were solved by a first-or second-order upwind scheme. The pressure field was computed with the SIMPLE method (Patankar 1980) . SIMPLE stands for "Semi-Implicit Method for Pressure-Linked Equations" and solves the unknown pressure field with an iterative process based on the continuity defect. The Rhie and Chow interpolation (Rhie & Chow 1983 ) was applied to compute the velocities and showed a similar pattern to the one using SSIIM.
RESULTS AND DISCUSSION
In Figure 5 , the plan view of the bed shear stress is The computational time for Flow-3D for the secondorder scheme was 58 h on a 2.8 GHz PC using one processor, whereas the first-order scheme needed only 15 h, and a sequential version of Flow-3D was used. The computations with SSIIM were performed with a parallel version on an IBM PowerPC cluster, using a node with 16 cores. The computational time was 4 min using the firstorder upwind scheme and 30 min using the second-order 
CONCLUSIONS
The current study investigated the use of two CFD programs for predicting three-dimensional flow velocities and bed shear stresses in a natural river. The computed velocities fared well when compared to field measurements taken with a second-order upwind scheme, with partially good results accomplished using a first-order scheme. Using a higher-order discretization scheme largely improved the results for both CFD codes.
When using second-order schemes, both models predicted the shear stress equally well. For the prevailing hydraulic condition, no sediment motion was observed as computed according to the Shields diagram.
The computational time for the SSIIM model was much shorter than that used for Flow-3D. This was due in part to the grid system, in which Flow-3D require more cells as a consequence of the orthogonal structured layout and partially because the location of the water surface was computed using the highly sophisticated VOF method, whereas SSIIM used a rigid lid approach in which the surface is not updated during computation.
These results could be utilized in river basin management, as the erosion potential for given discharges could be
computed. An assessment of the possible damage of fluvial erosion and the potential for quick clay landslides could therefore be made and results used to design scour protection structures.
Further research into this current area could focus on more detailed field measurements, with additional information about grain size distribution helpful in improving the prediction of the incipient motion of the riverbed.
Turbulence measurements would also be very useful in order to give a detailed insight into the relationship between velocity fluctuation and sediment transport.
